A mass peak profile generation model to facilitate determination of elemental compositions of ions based on exact masses and isotopic abundances  by Grange, Andrew H. & Brumley, William C.
A Mass Peak Profile Generation Model to 
Facilitate Determination of Elemental 
Composit ions of Ions Based on Exact Masses 
and Isotopic Abundances 
Andrew H. Grange and William C. Brumley 
USEPA, NERL, Characterization Research Division, Las Vegas, Nevada, USA 
To identify elemental compositions of ions, a mass peak profile generation model (PGM) was 
developed to plan data acquisitions and to interpret he data obtained by using a high 
resolution mass spectrometer (VG70-250SE). The PGM provides a list of all compositions 
possible for the exact mass of ion M and its error range from which the user selects a 
hypothetical composition. The PGM then plots [M + 1] and [M + 2] mass peak profiles and 
calculates masses and abundances of full and partial [M + 1] and [M + 2] profiles relative to 
the M profile. All possible compositions, calculated values for the exact masses and relative 
abundances, and measures of profile broadening and the shape of the [M + 2] profile are 
listed in a table. Pass-fail results for each of six criteria based on a comparison between table 
entries for the hypothetical composition and each of the other compositions are indicated. 
Compositions failing one or more criteria will be eliminated if the hypothetical composition 
is correct. The table provides assurance that all possible compositions based on the elements 
specified by the user have been considered. The PGM can be used to estimate the minimum 
resolution and number of determinations ecessary to identify the correct composition by 
eliminating all others. As multiple determinations are made and error limits become smaller, 
average values are entered into the PGM to determine all compositions consistent with the 
data, often until only one composition remains. © 1997 American Society for Mass Spectrome- 
try (J Am Soc Mass Spectrom 1997, 8, 170-182) 
T 
he two most commonly used data acquisition 
methods for mass spectral analyses of samples 
are full scans over mass ranges of up to hun- 
dreds of units and selected ion recording (SIR), the 
monitoring of a number of individual mass-to-charge 
ratios presumed to correspond to the maxima for mass 
peak profiles of targeted ions, which are assumed to 
have Gaussian shapes. With electron impact ionization, 
full scans provide mass spectra useful for compound 
identification by comparison with library mass spectra. 
For targeted compounds, SIR provides about 100 times 
more sensitivity and shorter cycle times than full scans 
[1]. Improved chromatographic resolution and quanti- 
tative accuracy result. Unfortunately, SIR provides no 
confirmation that the profiles monitored are free of 
interferences that inflate quantitative determinations. 
For dioxin analyses (EPA Methods 8280, 8290, and 
1613), two ions are monitored for a single analyte and 
the ion abundance ratio is used to verify an analyte's 
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identity. For complex samples, however, undetected 
interferences can alter these ratios [2]. 
Voltage scans with a constant magnet current at 
high mass resolution can reveal these interferences, 
but the cycle time is slow, for example, 2.7 s at 10,000 
resolution over 14 u. To decrease the cycle time, abbre- 
viated voltage scans were employed over narrow mass 
domains that encompassed each of several targeted 
profiles. Modified hardware and custom software ac- 
quired and processed ata [2, 3]. This approach re- 
vealed interferences when profiles with distorted 
shapes were observed. When interferences were ab- 
sent, well-defined Gaussian profiles and center masses 
that better confirmed each ions's identity than an ion 
abundance ratio were obtained [2]. In a more sensitive 
approach, mass peak profiling from selected ion 
recording data (MPPSIRD), which required no hard- 
ware modifications, multiple mass-to-charge ratios 
were monitored over a single profile [1, 4-8] to pro- 
vide a less well-defined profile, but one that was 
acquired at greater mass resolution (up to 40,000 [7]). 
With greater esolution, the number of possible inter- 
ferences was reduced, more accurate masses were ob- 
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tained, and mass peak profiles of trace components in
complex mixtures were resolved more often. Mass 
peak profiles for [M + 1] and [M + 2] ions, which are 
less abundant han M ions, were usually resolved at 
the routinely used resolution of 20,000. 
These profile delineating scan methods were used 
primarily for quality assurance [2-6]. In some cases, 
exact masses determined from the profiles for interfer- 
ences aided in their identification [2]. The exact mass 
of a small-mass ion, determined within typical error 
limits, corresponds to a single elemental composition. 
The number of compositions possible increases rapidly 
with the mass of an ion, the error limit, and the 
number of elements considered [9]. Thus, for a large- 
mass ion, additional information is often required to 
determine a unique composition. Recently, MPPSIRD 
was adapted to determine xact masses and relative 
abundances of the [M + 1] and [M + 2] profiles and 
the width and shape of the [M + 2] profile [7, 8] from 
which the composition of a large-mass ion can be 
determined. The profile generation model (PGM) de- 
scribed in subsequent text was developed to rapidly 
and routinely plan and interpret experiments by test- 
ing criteria that utilize this information to eliminate 
incorrect compositions consistent with the exact mass 
of M. 
Exper imenta l  
Each SIR descriptor used to acquire data contained a
list of 22 mass-to-charge ratios to be monitored, the 
dwell time for each (30 ms), and the transition time 
allotted to change instrument voltages between mass- 
to-charge ratios (5-30 ms, depending on the mass 
difference). Although 25 mass-to-charge ratios were 
permitted in each list by the data system, only 22 
global variables were available to store chromato- 
graphic peak areas. 
Two types of data acquisitions provided either a 
full profile as in Figure la [1] or partial profiles as in 
Figure lb [7]. Each profile was plotted from the areas 
of chromatographic peaks in ion chromatograms ac- 
quired for different mass-to-charge ratios across the 
profile. For example, the shaded peaks in Figure lc 
were used to plot the first partial profile in Figure lb. 
The mass increment between the mass-to-charge ratios 
monitored was M/(R x N), where M was the mass 
of the ion, R was the mass resolution, and N was the 
number of points monitored across a full profile, which 
was normally 10 for unbroadened profiles. For full 
profiles, 17 mass-to-charge ratios monitored the ana- 
lyte "profile and baseline regions around it, and 5 
mass-to-charge ratios monitored the partial profile of 
the calibration ion formed from perfluorokerosene 
(PFK). For full analyte profiles, the exact mass was 
determined as the weighted average of the top seven 
points when a point was near an apex or of the top six 
points when the apex fell between two points. If the 
difference in amplitudes between the maximum point 
and the two adjacent points exceeded the amplitude 
difference between the top two points, seven points 
were included in the weighted average. 
In Figure lb, the partial profiles were plotted by 
monitoring 6 points across 60% of the mass range for 
the M, [M + 1], and [M + 2] profiles. By splitting the 
22 mass-to-charge ratios monitored into four groups: 
six each to monitor the three analyte profiles and four 
to monitor the calibration ion; all three analyte ions 
were monitored each 0.8 s as a chromatographic peak 
eluted to determine the abundances of the [M + 1] and 
[M + 2] partial profiles relative to the partial M profile. 
Hence, a split SIR descriptor, that is, one that monitors 
more than one analyte ion, was used to acquire these 
data. Exact masses were again determined from simi- 
lar numbers of points on both sides of the apex; either 
six or five points were normally used to determine a
weighted average. Similarly, the weighted average of 
I " J 
Figure 1. A full mass peak profile and partial profile for a calibration ion (a), partial profiles of 
three analyte ions and a calibration ion (b), and (c) the six ion chromatograms used to plot the first 
partial profile in (b). 
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three to five points across the partial profile of the 
calibration ion provided a mass correction for the exact 
mass of the M full or partial profile. 
Exact masses and relative abundances are deter- 
mined for both suspected molecular ions and fragment 
ions (F, [F + 1], and [F + 2]). Thus, M represents any 
ion containing no higher isotopes, and [M + 1] and 
[M + 2] represent the ions containing one +1 isotope 
and one +2 or two +1 isotopes, respectively. 
Maximum experimental errors for exact mass and 
relative abundance determinations were determined 
from four standards with molecular ions weighing 
between 536 and 766 u for data sets of 1, 2, 3, 7, and 15 
determinations made at 20,000 resolution [7]. Fifteen 
data acquisitions with probe introduction, each cali- 
brated independently, were collected by using normal 
and split SIR descriptors based on the correct composi- 
tion for each standard. Similarly, maximum errors were 
determined from 15 determinations of the apparent 
resolution for the M profile of one standard and the 
[M + 2] profile of C24H28N2S2 found in an environ- 
mental sample [8]. The resolution ( ~ 20,000) was deter- 
mined as the average apparent resolution from two 
full profiles of the PFK ion most similar in mass to the 
analyte ion. Data for the PFK profiles were acquired 
just before and after the data for the analyte profile for 
each probe introduction. When partial profiles were 
monitored, the maximum counts from the analog-to- 
digital converter for the most abundant mass-to-charge 
ratio of the M ion did not exceed 8000 to ensure 
linearity of response over the abundance range of the 
M, [M+I ] ,  and [M+2]  profiles and to ensure a 
signal for the [M + 2] profile well above the detection 
limit. 
A DOS batch file invoked the PGM written in 
QuickBasic tm (Microsoft Corp., Redmund, WA) and a 
WordPerfect ~ (WordPerfect Corp., Orem, UT) 5.1 
macro that prepared a table of compositions with pre- 
dicted masses and relative abundances for testing cri- 
teria. A Micron tm (Micron Electronics Inc., Nampa, ID) 
personal computer containing an InteY TM Pentium 90 
microprocessor (Intel Corp., Santa Clara, CA) was used 
for most simulations. 
Model Description 
The need for a model to evaluate data became obvious 
during early experiments. Rejection of compositions 
based on the differences in mass defects and relative 
abundances among isotopes depends on the error lim- 
its of their determination. These limits depend on 
several factors, including the number of determina- 
tions made, the mass resolution, the hypothetical com- 
position used to prepare each split SIR descriptor, 
isotopic abundance errors, and instrumental errors. For 
the user to interpret the appearance of full and partial 
profiles, those predicted for each composition must be 
plotted to discern when asymmetry results from inter- 
ferences or from contributions of multiple [M + 1] or 
[M + 2] ions to the profile. For large-mass ions, the 
number of compositions possible is often too large for 
manual consideration of each to be practical. Finally, to 
determine compositions of many ions produced from a 
complex mixture [8], automated ata evaluation was 
required. 
Possible Elemental Compositions 
An average exact mass is determined from full M 
profiles and entered by the user with the resolution, 
number of determinations, and the elements to be 
considered. The model chooses as upper limits for each 
element, the integer value of the mass entered ivided 
by the atomic mass of the most abundant isomer. The 
lower limit for each element is 0. This strategy ensures 
that no possible composition composed of these ele- 
ments and which provides greater than or zero rings 
and double bonds could be overlooked. Optionally, 
assumed lower and upper limits for each element can 
be entered. Ten elements are supported: C, Si, N, P, O, 
S, H, F, CI, and Br. 
The PGM compiles all possible compositions for the 
elements provided, within any limits provided, with 
masses that fall within the mass range for the number 
of determinations made at the resolution specified. If 
only one composition is possible, the exact mass deter- 
mined for M has identified the composition. 
Criteria 
When multiple compositions are possible, the user 
chooses and enters the number of a hypothetical com- 
position from a display of all possible compositions. 
For each composition in the list, the PGM then calcu- 
lates (1) the masses and relative abundances of all ions 
contributing to the [M + 1] and [M + 2] profiles; (2) 
masses and relative abundances of [M + 1] and [M + 
2] partial profiles; (3) ranges of relative abundances for 
[M + 1] and [M + 2] partial profiles expected by using 
a split descriptor having center masses based on the 
hypothetical composition and empirically determined 
or estimated error ranges in the mass, resolution, and 
isotopic abundances of the elements; (4) points on the 
[M + 1] and [M + 2] profiles, which are plotted; and 
(5) the apparent resolution and a shape parameter 
based on comparison between the [M + 2] profiles of 
the hypothetical composition and each other possible 
composition. A table is provided that lists the calcu- 
lated values and the results of criteria testing. 
[M + 1] and [M + 21 Ions 
[M + 1] ions arise from +1 isotopes and [M + 2] ions 
result from +2 isotopes or from two +1 isotopes in an 
13 ion. The [M + 1] isotopes included in the PGM are C, 
29 33 2H, 15N, 170, Si, and S; the [M + 2] isotopes are 
180, 3°Si, 34S, 37C1, and 81Br. For each possible composi- 
tion, the model calculates the mass and relative abun- 
dance of each [M + 1] and [M + 2] ion and the sum of 
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their relative abundances for each profile. Isotopic 
masses and abundances from ref 10 were used in eqs 1 
and 2, adapted from ref 11 to calculate relative abun- 
dances. 
%[M + 1] = ~ NiAi' x 100% 
,=1 100- E~:, A,, 
[~. NiAi2 
%[M + 2] = [i=1 100 - E/3=l  Ai, 
(1) 
( )2 
+ ~ Ni (N  i - 1) Ai, 
i=1 2 100 - ~- '~=l Ai, 
+ ~., ~ NiN k A,. 
i=l k=i+l  100 -- E ;= I  Ai, 
Ak~ 
X X 100% (2) 
100 - E/3--, Ak '
n is the number of elements in the ion; N i is the 
number of atoms of each element; and A/l, Ai2, and 
Ai3 are the percentage abundances of each +1 isotope, 
+2 isotope, and +3 isotope, respectively. For example, 
A i3 is 0.02 for S and 0 for the other elements included 
in the model. 
At low mass resolution, the small mass differences 
between multiple [M + 1] or [M + 2] ions are unre- 
solvable, but at resolutions > 10,000 valleys appear 
between different [M + 1] or [M + 2] ions in the [M + 
1] or [M + 2] profile, depending on the mass of M. The 
mass differences between [M + 2] ions are larger than 
between [M + 1] ions, and for high mass ions, [M + 2] 
profiles become broad and asymmetric at experimen- 
tally achievable resolutions when the M ion contains 
one or more S or Si atoms. Only one composition is 
usually possible at masses mall enough for significant 
profile broadening or valleys to appear in the [M + 1] 
profile. Accordingly, width and shape parameters are 
calculated by the PGM only for the [M + 2] profile. 
Gaussian Distribution 
The mass peak profile for M ions observed experimen- 
tally resembles the Gaussian distribution with a 
rounded apex and tails. Thus, the Gaussian distribu- 
tion calculated by eq 3 [12] was adapted to model the 
appearance of profiles: 
Y o -~exp -~ T (3) 
Equation 4 was used to calculate 101 points across a 
mass range that included the profile. At 20,000 resolu- 
tion, a mass range of 100 ppm was plotted. 
('[ y=exp -~ (M v - M c) R ]2) 
0.20397 X M c (4) 
Mp is the mass on the x axis, M c is the center mass, 
and R is the resolution. (Mp - M c) and (R/(0.020397 
x Me)) correspond to (x - 2) and cr in the Gaussian 
distribution equation. The normalization term is not 
necessary to observe profile shapes. 
[M + 11 and [M + 21 Profiles 
The [M + 1] and [M + 2] profiles calculated at 20,000 
resolution for tetraphenylsilane (C24H20Si) are shown 
in Figure 2. Because 10 mass-to-charge ratios delineate 
(24 H28 SI at 2__n~8__ Nass P.eiolution 
= 337,1362 1~1 : 337,1363 CN = 338.1355 PN = 338.1363 
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Figure 2. The monitor display for calculated [M + 1] (a) and [M + 2] profiles (b) for C24H20Si at 
20,000 resolution. (c) Profiles for the three ions that contribute significantly to the [M + 2] profile. 
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the full profile for a single ion, 6 mass-to-charge ratios 
monitor almost 60% of the [M + 1] profile's mass 
range, but much less of the [M + 2] profile's mass 
range. The mass ranges monitored are marked by the 
vertical lines in Figure 2a and b. In Figure 2c are 
shown the profiles for the three [M + 2] ions (thin 
lines) whose sum produces the shape of the [M + 2] 
profile (thick line). The profiles of three other ions, 
C242H2H18Si +, 13CC232HH19Si +, and C242I--[I-I1929Si +, 
were also summed, but did not significantly affect the 
shape of the [M + 2] profile. 
When multiple [M + 1] or [M + 2] ions contribute 
to a profile, the amplitudes due to each ion are summed 
at each mass along the profile by using eq 5: 
(1[ 
y= ~ Aiexp - -~ ( M i - 
i=1 
R ]2) 
Mp) 0.20397 X M c 
(5) 
y is the sum of relative abundances from all [M + 1] 
or [M + 2] ions at a point along the profile; n is the 
number of [M + 1] or [M + 2] ions; A i is the abun- 
dance of the [M + 1] or [M + 2] ion relative to M; M i 
is the mass of the [M + 1] or [M + 2] ion; Mp is the 
mass of the point along the profile; and the other 
parameters are the same as for eq 4. 
Profile broadening is observable, because 101 points 
provide a mass range twice the width of a single ion's 
profile at 5% of its maximum. 
Center Masses and Predicted Masses 
The center mass (CM) is the weighted average mass of 
a profile. A predicted mass (PM) is determined that 
will provide the largest area when only 6 m/z  ratios 
are monitored. The PM is the weighted average mass 
determined from the points between the vertical ines 
in Figure 2a or b. The PM is initially calculated by 
64 
Eiffi36 MiAi + (M35A35 + M65A65)/2 
Mwa = y, 64 Ai + (A35 + Abs)/2 (6) 
i= 36 
Mwa is the weighted average; M; and A i are the mass 
and amplitude coordinates of each point between the 
vertical ines. All indices in the denominator are incre- 
mented and decremented by 1 or more to find the 
center point that provides the maximum area. The 
predicted mass (PM) is then calculated by using eq 6 
centered about this point. When a deep valley between 
two maxima is present, the mass range monitored is 
centered on the larger maximum. 
The PM is the mass used by the PGM for criteria 
testing. Neither the CM nor the PM need correspond 
exactly to the mass of an individual [M + 1] or [M + 2] 
ion. At low resolution the CM and PM are the same, 
but for profiles that broaden at higher resolution, the 
CM and PM will have slightly different values as 
illustrated by the header for Figure 2b. 
Relative Abundances 
The ratio of the area under the [M + 1] or [M + 2] 
profile relative to the area under the M profile times 
100% is %[M + 1] or %[M + 2]. The percentage on the 
left of Figure 2a (32.1%) indicates the %[M + 1] ex- 
pected based on the areas of full profiles. The %[M + 
1] or %{M + 2] under a profile is based on the areas 
between the vertical lines in Figure 2a or b. Without 
profile broadening, the same fraction (0.86) of the full 
profile areas corresponds to the partial profiles. In 
Figure 2b, the partial profile includes only 54% of the 
full profile's area and the predicted %[M + 2] is 5.4%, 
much less than 8.2% based on the areas of full profiles. 
Apparent Resolution 
Mass resolution is defined as R = M/AM for a 10% 
valley between overlapping profiles of equal height, 
where M is the average center mass of the two profiles 
and A M is the mass difference between the maxima of 
the two profiles [13]. The width of each profile is 
determined by the constant (0.20397) in eq 4, which 
provides calculated multi-ion profiles very similar in 
appearance to those observed. For a Gaussian peak, 
the mass difference between points at 5% of the maxi- 
mum on the two sides of either peak, & ms~, is equal 
to AM [13]. The apparent resolution is the exact mass 
divided by A ms~ and is a measure of the profile 
broadening that occurs when multiple [M + 1] or [M 
+ 2] ions contribute to a profile. For broadened pro- 
files the apparent mass resolution is much less than the 
resolution specified by the user, as illustrated in Figure 
2b. When the mass range initially examined by the 
PGM is insufficient to view all of a broadened [M + 2] 
profile, 50 additional points are calculated for the side 
of the profile that does not fall below 5% of maximum 
to calculate the apparent resolution. 
Shape Parameter 
Whether two [M + 2] profile shapes can be distin- 
guished visually is a subjective judgment, especially 
when only 17 points are monitored across the mass 
range containing a full profile. A shape parameter 
provides a measure of shape differences between pro- 
files. The parameter is the sum of the absolute differ- 
ences between the amplitude of two normalized [M + 
2] profiles with overlapping center masses--that of the 
hypothetical composition and that of each other possi- 
ble composition. In Figure 3a and b are shown two 
[M + 2] profiles with the same apparent resolution, 
that are easily distinguishable by their shapes. The 
shape parameter was 13.9 for these profiles. When the 
shape parameter exceeds 2 for two compositions that 
are otherwise indistinguishable, the calculated [M + 2] 
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Figure 3. Calculated [M + 2] profiles for (a) C24H44N2PS and 
(b) C28H4]NS at 21,400 resolution. 
profiles should be examined to determine if their 
shapes are sufficiently different o distinguish between 
them. 
Errors 
Two types of errors must be considered: those ac- 
counted for in the model and those that must be 
observed by the operator. Before data are considered 
to be valid, three visual, quality assurance tests must 
be passed. The maximum in the partial profile of the 
calibration ion must not be the first or last point, the 
third or fourth point must be the maximum in the M, 
[M + 1], and [M + 2] profiles, and the ion chro- 
matograms used to construct each profile must overlap 
after each is normalized. These requirements confirm 
that instrument calibration was acceptable to within 
+1 mass-to-charge ratio step for all profiles and that 
no obvious interferences were present. 
The goal of the PGM error treatment is to ensure the 
correct composition is never rejected, while providing 
criteria narrow enough to reject as many other compo- 
sitions as possible. At the same time, the error ranges 
used should not falsely reject other possible composi- 
tions. Thus, conservative estimates of the errors con- 
sidered by the PGM were made and the total error was 
taken as the sum of all errors, rather than as the square 
root of the sum of the squares [14]. Generous error 
ranges for %[M + 1] and %[M + 2] resulted. If multi- 
ple compositions passed all criteria based on experi- 
mental data, but most observed values agreed best 
with values calculated for one composition, that co:m- 
position would probably be the correct one. 
Mass Offset Error 
Predicted masses are first calculated for the hypothe¢i- 
cal composition. The PMs of the [M + 1] and [M + 2] 
profiles are then used as center masses in the SIR 
descriptor and are different from the PMs for the other 
compositions. These mass offsets for all other composi- 
tions contribute rror to the determination of relative 
abundances based on partial profiles. 
Three other errors are also considered by the PGM: 
mass calibration error, resolution error, and isotopic 
abundance rrors. These errors influence the relative 
abundances determined for all compositions. 
Mass Calibration Error, 
For full profiles, the effect of profile shifts on determin- 
ing the exact mass of the analyte profile is corrected by 
calibration against the PFK ion to provide an error 
almost always within 2..5 ppm at 20,000 resolution. The 
exact masses of the [M + 1] and [M + 2] partial pro- 
files are calibrated against the exact mass of the M 
partial profile to provJ, de better accuracy and precision. 
Because shifts in partial profile maxima occur in the 
same direction, they are compensated by calibration 
against M. Mass calibration error is not important for 
determining exact masses of the [M + 1] and [M + 2] 
partial profiles. 
Mass calibration error significantly affects the rela- 
tive abundance determinations when profile broaden- 
ing occurs, because the sum of the amplitudes of all six 
points on each partial profile provides the area under 
the partial profile. A shift of M, [M + 1], and [M + 2] 
profiles causes less of their total area to be monitored 
by six mass-to-charge ratios, but, as illustrated in Fig- 
ure 4, the reduction in area monitored is less for broad 
profiles. A high estimate of %[M + 2] based on partial 
profiles would result. 
Resolution Error 
The resolution is tunable to within 10% and is deter- 
mined from the width of the M profile for a PFK ion at 
5% of its maxin~um. As long as a single maximum is 
observed in a profile, the dependence of the exact mass 
determined on resolution is insignificant. However, 
%[M + 1] and %[M + 2] values are dependent on the 
resolution when profile broadening is present. At 
higher resolutions, the fraction of the total area under 
the profile monitored by only six mass-to-charge ratios 
becomes less for broadened profiles and the observed 






Figure 4. An unbroadened M profile (a) and a broad [M + 2] 
profile (b). A shift of -1 mass increment results in less area on 
the left of the M profile being monitored than the area lost on the 
right side of the profile. For the [M + 2] profile the difference in 
these areas relative to the total area is much less. 
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Isotopic Abundance Errors' 
Relative abundances result from the isotopic abun- 
dances of the +1 and +2 isotopes. Although mass and 
resolution errors are partially responsible for the ob- 
served precision, isotopic abundance rrors depend on 
the origin of each compound and are constant for all 
%[M + 1] and %[M + 2] determinations. Isotopic 
abundances and errors were taken from ref 10. 
Relative Abundance Ranges 
To establish ranges for %[M + 1] and %[M + 2] for 
the hypothetical composition, the model predicts %[M 
+ 1] and %[M + 2] values in the absence of errors and 
for errors of +1 mass increment and/or  +10% of the 
resolution determined (nine conditions in all). Relative 
abundances are calculated after shifting the center point 
for all three partial profiles 1, 0, and -1 mass incre- 
ments at resolutions 10% less than, 10% greater than, 
and at the resolution specified. Without peak broaden- 
ing, the same %[M + 1] and %[M + 2] are predicted 
under all conditions, since the shape of the M, [M + 1], 
and [M + 2] profiles are the same and mass calibration 
and resolution errors change the fraction of each pro- 
file monitored in unison. 
For broadened profiles, these errors alter the ob- 
served relative abundances and contribute to the rela- 
tive abundance ranges. For C24H20Si, %[M + 2] ranges 
of 7.2-7.7 and 5.0-6.1% were calculated at 10,000 and 
20,000 resolution, respectively, when only mass cali- 
bration and resolution errors were considered. At the 
higher resolution, profile broadening was greater and a 
wider range resulted. 
Wider ranges are predicted when the split SIR de- 
scriptor based on the predicted masses of the M, [M + 
1], and [M + 2] profiles for the hypothetical composi- 
tion is used to monitor the partial profiles of the other 
compositions. Different mass offsets between the pre- 
dicted masses in the SIR descriptor and the profiles for 
each composition result in different fractions of the 
area being monitored for each profile. Even for un- 
broadened profiles, the fractions no longer change in 
unison for mass calibration and resolution errors. Pro- 
portionally wider %[M + 1] and %[M + 2] ranges are 
calculated for greater resolution, because the mass 
offsets are larger relative to the profile width at high 
resolution. For C24H20Si, using C18H27P 3as the hypo- 
thetical composition, the predicted %[M + 2] ranges 
expand to 5.4-8.9 and 3.9-7.0% at 10,000 and 20,000 
resolution, respectively. 
After %[M + 1] and %[M + 2] ranges are calcu- 
lated by the model by considering mass and resolution 
errors, the isotopic abundance rrors are calculated. 
Each isotopic abundance is reduced and then increased 
by the maximum error possible [10]. The %[M + 1] 
and %[M + 2] are recalculated by using eqs 1 and 2 to 
provide the largest possible negative and positive er- 
rors. The absolute value of the larger error for each 
composition is then added to the upper limit and 
subtracted from the lower limit of the %[M + 1] and 
%[M + 2] error ranges. For C24H20Si as the hypotheti- 
cal composition, %[M + 1] and %[M + 2] ranges of 
6.6-8.3 and 4.5-6.7% result after considering maxi- 
mum isotopic abundance rrors of 0.6% and 0.5%, 
respectively. 
Apparent Resolution 
When only 10 points are monitored across an unbroad- 
ened profile, the resolution will be underestimated by
no more than 4% for a single determination. This error 
results from the maximum point not corresponding 
exactly to the maximum of the profile and to the linear 
interpolation made between the points that bracket 5% 
of the maximum on each side of the profile. This error 
occurs for both calibration and analyte ions and tends 
to cancel. Fifteen determinations of the apparent reso- 
lution for the full M profile of C36H3806N4 (m/z 
622.2791) and the full [M + 2] profile of C24H28N2S2 
(m/z 410.1665) were made at 20,000 resolution to 
estimate the experimental error. Peak broadening was 
nonexistent for the first profile and substantial for the 
second. The largest observed errors in the apparent 
resolutions obtained were 5.2 and -10.2% for triplicate 
sets of successive determinations, respectively. For all 
15 determinations, the errors were +3.2 and -8.0%. 
The model might slightly underpredict the extent of 
broadening, but data for more [M + 2] profiles are 
required to verify and estimate this tendency. For now, 
the apparent resolution criterion is based on the maxi- 
mum errors observed; it distinguishes well between 
compositions that contain Si and S atoms and those 
that do not. 
Accuracy 
A model only predicts error ranges based on the in- 
fluence of important independent variables upon mea- 
sured quantities. Experimental error ranges must also 
be considered. In Table 1 are listed the estimates of the 
maximum errors used in the PGM for different num- 
bers of determinations of exact masses, relative abun- 
dances, and the apparent resolution. The maximum 
exact mass errors are those observed for the molecular 
ion profile and [M + 1] and [M + 2] partial profiles for 
four standards. The experimental ranges for the rela- 
tive abundances were determined from these ions by 
Table 1. Maximum errors observed at 20,000 resolution 
Number of determinations 
1 2 3 7 15 
Exact masses (ppm) 3 3 2.5 1.5 1 
Relative abundances (%) 1 1 8.5 5.5 3.5 1.5 
Apparent resolution (%) 15 13 10.5 9.5 8 
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using the predicted masses for their compositions in 
the split SIR descriptors. The [M + 2] profiles had 
minimal peak broadening. These ranges were added to 
the ranges calculated by the PGM that arise from peak 
broadening, mass offsets in the split SIR descriptor, 
and isotopic abundance errors. The apparent resolution 
errors are the maximum differences between the model 
prediction and the observed apparent resolution for 
the broadened [M + 2] profile of C24H28N2S2 . For all 
maximum errors, the largest observed error was 
rounded upward to the nearest 0.5 ppm or 0.5%. 
Experiments are run routinely at 20,000-25,000 res- 
olution, but also at lower or higher resolution, depend- 
ing on the concentration of analytes and the relative 
abundance of the ions studied. To estimate the influ- 
ence of resolution on the error ranges in Table 1, 15 full 
and partial profile data acquisitions were made at 
10,000 resolution for the m/z 766.3942 ion. The mass 
error range for the exact mass of M was 1.8 times 
larger when the data were treated as 13 sets of tripli- 
cate determinations. As an approximation, the mass 
error limits in Table 1 are multiplied by 20,000/R and 
correspond to one half of the mass increment used to 
monitor profiles for triplicate determinations. Mass 
increments smaller than 5 ppm are avoided to ensure 
no repeated points are observed in the profile due to 
round-off limitations of the 16-bit digital-to-analog 
converter that controls the accelerating potential in the 
SIR mode. Thus, if R is >20,000, the mass error 
ranges used in the model are still those for 20,000 
resolution. No resolution dependence has been ob- 
served for the error ranges in %[M + 1] or %[M + 2] 
or in the apparent resolution. Hence, no factor is used 
to adjust the error limits observed at 20,000 resolution. 
Until a larger data base is acquired, the model is used 
with greatest confidence near resolutions of 20,000. 
Results and Discussion 
An Example 
Table 2 provides the PGM output for m/z 536.2621 
assuming triplicate determinations and a resolution of 
20,000. An "X" next to a value indicates failure of the 
criterion based on comparison of the value with that of 
the hypothetical composition, and the composition is 
rejected. The compositions are listed in three groups 
separated by blank lines: compositions for which the 
ranges of values for the hypothetical composition and 
each other composition do not overlap for at least one 
criterion, compositions that pass all criteria based on 
partial overlap of the ranges, and those compositions 
that pass all criteria based on inclusion of the calcu- 
lated values for the hypothetical composition within 
their ranges. Range overlaps consider the minimum 
and maximum possible values of the hypothetical 
composition, whereas testing of the calculated values 
recognizes that single values will be compared after 
data are acquired. For the example in Table 2, eight 
compositions passed all criteria based on overlap of 
ranges, but only the hypothetical composition in bold 
print and one other remained after testing the correct 
values. For average values from single triplicate deter- 
minations, however, one or more of the other six 
compositions might not be eliminated and additional 
determinations would be required to improve the av- 
erages and to reduce the error limits. 
In Table 2, the mass of the [M + 2] partial profile 
criterion is violated more often (51) than the mass of 
the [M + 1] partial profile criterion (13) because the 
differences between the mass defects of the most abun- 
dant isotopes and +2 isotopes are larger than the 
differences between the most abundant isotopes and 
+1 isotopes. With low numbers of C atoms, the first 41 
compositions fail the %[M + 1] criterion, since the 
relative abundance of 13C (1.10%) [10] is much larger 
than the relative abundances of the other + 1 isotopes, 
which are present in lower numbers. The apparent 
resolution criterion was failed by 24 compositions. One 
or more S atoms and at least 15 C atoms provided 
broadened [M + 2] profiles relative to the hypothetical 
composition. 
Usually, for organic compounds found in the envi- 
ronment, at least one third of the mass of the largest 
mass ion is due to carbon. By specifying a lower limit 
of 14 C atoms, the time required to produce an abridged 
table lacking the first 23 compositions was reduced 
from 23.3 to 4.9 min. With one third of the total mass 
of the ion already accounted for as C atoms, the time 
required to account for the remaining mass was much 
less than for the entire mass. 
In Table 2, the proportionally argest relative abun- 
dance ranges are calculated for %[M + 2], since the 
largest mass offsets are calculated for [M + 2] profiles. 
For all possible compositions and triplicate determina- 
tions, the mass offset for M is no greater than 2.5 ppm 
or one half mass increment at 20,000 resolution. How- 
ever, [M + 2] mass defects with offsets up to 21.4 ppm 
or 4.3 mass increments are listed. Hence, the fraction of 
the area monitored under the M profile changes only 
slightly, whereas the fraction monitored for an [M + 2] 
profile decreases harply for a large mass offset. Al- 
though the range for %[M + 2] of the hypothetical 
composition is only 1.6%, ranges up to 14.8% are 
observed for compositions with large mass offsets. If 
the center mass in the SIR descriptor was offset by 4.3 
mass increments, no maximum would be observed for 
the [M + 2] profile and would indicate that either the 
wrong hypothetical composition had been used or a 
major interference was present. 
For the compositions in Table 2, %[M + 1] isotopic 
abundance rrors between K-0.3 and +1.2% were cal- 
culated, of which 0.0 to +1.2% were due to the 13C 
abundance rror of +0.03%. The %[M + 2] isotopic 
abundance rrors ranged from 0.0 to :L-0.7% and are 
included in the ranges listed. 
178 GRANGE AND BRUMLEY J Am Soc Mass Spectrom 1997, 8, 170-182 
Table 2. Elemental compositions and quantities useful for distinguishing among them 
m/z 536.2621 + 2.5 ppm Up to: C44Hs32033N3ePtTS16 Resolution: 20,000 
No. RDB" Composition M m [M+I ]  b [M+2]  b %[M+1]  ¢ %[M + l]  range d %[M+2]  ~ %[M + 2] range d App. res. e Shape[M+2] ~ 
1 4.5 CH2eN31P z 0.2619 0.2597X 0.2574X 12.4 (5.5-13.5)X 0.8 (0.1-0.6)X 17,300 3.3 
2 4.0 C3HzaO3N2sS 0.2620 0.2607X 0.2587X 14.0 (7.7-15.9)X 5.7 (1.0-5.1)X 17,500 2.8 
3 4.0 C3H3oONzBP 2 0.2633 0.2620X 0.2619X 13.2 (8.5-16.0)X 1.0 (0.4-1.2)X 15,600 8.3 
4 9.0 CsH2sN3oP 0.2616 0.2608X 0.2600X 15.7 (9.0-17.6)X 1.2 (0.4-1.2)X 15,800 6.8 
5 3.5 CsH3oO4NzsS 0.2633 0.2629 0.2606X 14.9 (10.8-18.2)X 6.0 (1.8- 6.3) 16,900 3.9 
6 3.5 CsH3105Nz3P 0.2616 0.2616X 0.2641X 14.5 (9.7-16.4)X 2.0 (1.3-2.3)X 16,200 5.0 
7 8.5 CTH270N27P 0.2630 0.2629X 0.2633X 16.7 (11.7-19.8)X 1.5 (0.9-1.8)X 15,600 7.5 
8 2.5 C7H3sNz3PS 2 0.2625 0.2626X 0.2588X 17.0 (12.0-20.2)X 10.1 (1.7- 9.1) 18,400 1.4 
9 3.0 CsH330sN2o P 0.2630 0.2637 0.2661 15.6 (12.1-18.7)X 2.4 (1.7- 2.9)X 16,600 3.8 
10 2.5 CsH3eONzIP2S 0.2608 0.2613X 0.2579X 16.6 (11.3-18.5)X 5.7 (1.0-4.7)X 16,900 3.6 
11 13.5 CsHzzN2s 0.2613 0.2615X 0.2616X 19.4 (13.5-21.9)X 1.8 (0.9-2.0)X 15,500 7.4 
12 8.0 CloHzsOsNzz 0.2613 0.2622X 0.2640X 18.3 (13.6-20.8)X 2.6 (1.7-3.0)X 16,400 4.8 
13 2.0 CloHasO4NlsS 2 0.2608 0.2619X 0.2579X 18.6 (13.9-20.9)X 10.7 (1.9-8.8) 16,900 3.7 
14 2.0 CloH3sO2NloPzS 0.2621 0.2633 0.2598X 17.8 (13.7-20.6)X 5.9 (1.7- 5.8)X 16,300 5.1 
15 2.0 CloH4oNtsP 4 0.2634 0.2646 0.2657 17.0 (13.9-20.4)X 1.4 (1.0- 1.7)X 15,600 7.2 
16 13.0 CllHz40N2e 0.2626 0.2634 0.2642X 20.5 (16.1-24.3)X 2.2 (1.5- 2.7)X 15,700 6.9 
17 7.0 CllH3zN22S 2 0.2622 0.2631 0.2589X 20.8 (16.0-24.1)X 10.6 (2.1- 9.7) 17,300 2.9 
18 2.5 CllH3401oN15 0.2613 0.2630 0.2651 X 17.4 (14.4-19.8)X 3.5 (2.6-4.0)X 17,700 2.3 
19 7.5 C12H3oOsNls 0.2626 0.2641 0.2660 19.5 (16.0-23.0)X 3.0 (2.3- 3.7)X 16,800 3.9 
20 1.5 C12HaeOsNlsS 2 0.2622 0.2638 0.2596 X 19.9 (16.0-22.9) X 10.9 (3.1-10.6) 16,500 4.7 
21 2.0 C13HasOltN12 0.2627 0.2648 0.2669 18.7 (16.4-21.4)X 3.9 (3.1- 4.6)X 18,100 1.8 
22 1.5 C13H4104N13P 3 0.2617 0.2638 0.2658 18.9 (15.7-21.2)X 2.5 (2.0- 2.9)X 17,100 3.4 
23 0.5 C13H42NlsS 4 0.2630 0.2646 0.2595 X 22.4 (18.5-26.8) X 19.5 (4.0-18.8) 17,800 2.2 
24 6.5 C14H3sOzN17PS 0.2618 0.2635 0.2602X 21.8 (18.1-24.7)X 6.5 (2.3- 6.5) 15,800 7.0 
25 6.5 C14H37N17P 3 0.2631 0.2649 0.2665 21.0 (18.0-24.7) X 2.1 (1.6- 2.6)X 16,000 6.1 
26 0.5 C14H430N13PS3 0.2613 0.2632 0.2582 X 22.1 (18.1-25.1) X 15.0 (2.8-12.4) 17,000 3.4 
27 1.0 ClsH4tO7NmPS 0.2618 0.2642 0.2613X 21.0 (18.2-23.4)X 6.9 (3.2- 7.3) 15,400X 9.0 
28 1.0 C15H430sNmP 3 0.2631 0.2656 0.2677 20.2 (17.8-23.3) X 3.0 (2.5- 3.6) X 17,700 2.5 
29 0.5 CIsH4sNlIP4S 0.2609 0.2632 0.2588X 21.1 (18.1-23.5)X 5.9 (1.9- 5.4)X 15,500 6.8 
30 6.0 CleH3703N14PS 0.2631 0.2652 0.2622 X 23.1 (19.9-27.2) X 6.7 (3.2- 7.9) 15,500 8.4 
31 0.0 ClsH4sO2NloPS3 0.2627 0.2649 0.2598X 23.5 (20.5-26.8)X 15.2 (4.0-15.0) 16,600 4.3 
32 6.0 CI?H3sO4Nt2P2 0.2614 0.2638 0.2660 22.9 (19.1-25.7)X 3.3 (2.6- 3.8)X 17,400 3.1 
33 0.5 C17H430aNTPS 0.2631 0.2659 0.2632X 22.4 (20.0-25.8)X 7.2 (4.1- 8.9) 15,300X 10.2 
34 0.0 C17HdsO3NaP2S z 0.2610 0.2635 0.2585X 23.3 (19.9-25.9)X 10.8 (2.9- 9.4) 15,900 5.7 
35 0.0 CtTH4sONsP4S 0.2622 0.2649 0.2608X 22.5 (20.2-25.1)X 6.1 (2.7- 6.5) 15,300X 8.7 
36 11.0 CteH320zNlsS 0.2615 0.2635 0.2608X 25.6 (21.5-29.0)X 7.1 (3.0- 7.5) 15,400X 8.8 
37 11.0 CtsH34N1sP 2 0.2628 0.2649 0.2669 25.0 (21.9-28.5)X 3.0 (2.5- 3.6)X 16,500 5.1 
38 5.0 CtsH4oONlzS 3 0.2610 0.2632 0.2580 X 26.2 (21.5-29.2) X 15.6 (3.2-12.7) 16,400 3.9 
39 0.5 CleH440sNsP2 0.2614 0.2644- 0.2667 22.3 (19.9-24.7)X 4.2 (3.5- 4.8)X 18,700 1.1 
40 5.5 C19H3sO7N9S 0.2615 0.2641 0.2617X 25.1 (21.7-27.9)X 7.6 (3.9- 8.3) 15,200X 10.5 
41 5.5 C19H4oOsNsP 2 0.2628 0.2655 0.2678 24.3 (21.9-27.2)X 3.8 (3.3- 4.5)X 17,900 2.2 
42 10.5 C2oH3403Nt38 0.2628 0.2652 0.2627X 27.2 (23.8-31.0) 7.4 (4.1- 8.8) 15,200X 10.1 
43 4.5 C2oH4202NsS 3 0.2624 0.2648 0.2596 X 27.6 (23.9-30.7) 15.7 (5.0-15.3) 16,100 4.9 
44 0.0 C2oH44012N2S 0.2615 0.2647 0.2626X 24.6 (21.8-27.1)X 8.1 (4.7- 9.2) 15,100X 11.4 
45 0.0 CzoH4eOloNzP z 0.2628 0.2661 0.2683 23.8 (21.7-25.9)X 4.7 (4.0- 5.3)X 19,100 0.5 
46 10.5 C21HasO4NllP 0.2611 0.2637 0.2661 27.0 (23.2-29.8) 4.3 (3.6- 4.9) X 17,600 2.7 
47 5.0 C21H4oOsNeS 0.2628 0.2657 0.2636X 26.6 (23.8-29.6) 7.9 (5.0- 9.6) 15,100X 11.5 
48 4.5 Cz1H450N7P3S 0.2619 0.2647 0.2619X 26.6 (23.1-29.9) 6.7 (3.4- 7.5) 14,900X 11.4 
49 15.5 CzzH31NlsP 0.2624 0.2648 0.2671 29.1 (25.5-33.1) 4.1 (3.3- 4.9)X 16,900 4.2 
50 5.0 C22H4109N4P 0.2611 0.2643 0.2667 26.5 (23.5-28.9) X 5.1 (4.4- 5.8) X 18,800 0.9 
51 10.0 Cz3H3705NsP 0.2625 0.2653 0.2678 28.5 (25.6-31.7) 4.9 (4.2- 5.7)X 18,100 1.8 
52 4.0 C23H4504N4PS2 0.2620 0.2649 0.2605 X 28.9 (25.8-32.0) 11.6 (4.7-12.4) 15,300 X 8.8 
53 4.0 C23H4702N4P3S 0.2633 0.2663 0.2639X 28.1 (25.4-31.4) 7.1 (4.4- 8.9) 14,800X 12.9 
54 9.0 C24H41NaPS z 0.2633 0.2660 0.2617X 30.9 (27.8-34.6) 11.6 (5.5- 3.6) 15,300X 8.4 
56 4.0 C24H4eO3N2P4 0.2615 0.2648 0.2678 28.0 (25.6-30.5) 4.4 (3.8- 4.9)X 19,100 0.4 
58 9.0 C2sH420NeP=S 0.2616 0.2645 0.2626X 30.8 (27.4-34.0) 7.6 (4.5- 8.6) 14,800X 13.3 
59 3.5 C25H470sNPS z 0.2633 0.2665 0.2623 X 30.3 (27.7-33.0) 11.9 (6.3-14.3) 15,100 X 10.2 
60 3.0 C2sHsoN2P2S 3 0.2611 0.2642 0.2588 X 31.2 (27.6-34.2) 15.6 (4.8-14.3) 15,500 6.9 
64 8.5 C27H4204N3S2 0.2617 0.2647 0.2613 X 33.0 (29.3-36.3) 12.4 (6.0-13.1) 15,000 X 11.0 
65 8.5 C27H440zN3P=S 0.2630 0.2661 0.2645X 32.2 (29.0-35.8) 8.0 (5.4- 9.9) 14,700X 13.8 
66 13.5 CzaHaaN7S2 0.2630 0.2659 0.2621 X 35.0 (31.5-39.0) 12.4 (6.6-14.3) 15,000X 10.3 
69 13.5 C29H3sONsPS 0.2613 0.2643 0.2631 X 34.9 (31.2-38.5) 8.6 (6.0-10.0) 14,800X 13.2 
70 8.0 C2eH440sS 2 0.2630 0.2663 0.2631 X 34.5 (31.0-38.5) 12.7 (7.4-15.1) 14,900X 12.2 
71 7.5 CzsH47NPS 3 0.2608 0.2639 0.2591 X 35.3 (31.2-38.8) 16.3 (5.8-15.2) 15,2OO X 8.7 
72 13.O CalH41OzNzPS 0.2626 0.2659 0.2655 X 36.4 (32.7-40.4) 9.2 (6.7-11.3) 14,800 X 12.3 
74 18.O C33H38ON4S O.2610 O.2641 0.2640 X 39.0 (34.6-42.7) 9.9 (7.1-11.5) 14,900 X 11.6 
75 17.5 C3sH3eOzNS 0.2623 0.2656 0.2659 40.5 (37.1-44.0) X 10.5 (8.3-12.7) X 15,OOO X 10.7 
76 22.0 C3sH37P 0.2633 0.2667 0.2701 43.9 (40.3-47.6)X 9.4 (7.7-10.6) 19,900 0.6 
55 4.5 C24H4301oNP 0.2625 0.2658 0.2683 27.9 (25.1-31.0) X 5.7 (4.9- 6.5)X 19,300 0.3 
57 15.0 CzsH3zO4Nlo 0.2608 0.2636X 0.2661 X 31.1 (27.8-34.2) 5.5 (4.7- 6.2)X 17,900 2.2 
61 20.0 CzeH2eN14 0.2621 0.2647 0.2672 33.2 (28.9-37.1) 5.4 (4.4- 6.2) X 17,200X 3.4 
62 9.5 C2eHaeOsN3 0.2608 0.2640X 0.2666X 30.6 (27.2-33.5) 6.3 (5.4-7.1) 19,000 0.6 
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Table 2. Continued. 
68 8.5 C~,sH4sOaNP 3 0.2612 0.2646 0.2677 32.2 (29.4-34.9) 5.6 (4.9- 6.4)X 19,400 0.1 
73 13.0 C32H4:,O3P z 0.2609 0.2643 0.2675 36.3 (33.3-39.3)X 7.0 (6.0- 8.2) 19,700 0.4 
63 14.5 C27H340sN 7 0.2621 0.2651 0.2678 32.6 (29.2-36.1) 6.1 (5.3- 7.0) 18,400 1.5 
67 9.0 C=sHsoOto 0.2621 0.2656 0.2682 32.1 (29.4-34.8) 6.9 (6.1- 7.7) 19,500 0.0 
Hypothetical values: 0.2621 0.2656 0.2682 32.1 6.9 19,500 
"Rings end double bonds. 
bCalculated mass defect. 
¢Based on partial profiles centered about the calculated mass for the composition. 
abased on partial profiles centered about the calculated mass of the hypothetical composition, :t: 1 mass increment at ± 10% of resolution, isotopic abundance 
error, and maximum observed experimental error. 
eCalculated apparent resolution. 
fSum of the absolute differences at 1-ppm intervals along normalized [M't-2] profiles of the hypothetical composition and each other composition. An "'X'" 
indicates application of this criterion will reject this composition if the hypothetical composition is correct, The hypothetical composition is in bold print. 
An Occasional Complication: Proton Loss 
When a significant fraction of M ions lose protons and 
the resolution is insufficient to discriminate among M, 
[13CM- H] and [13C2M- 2H] ions, %[M + 1] and 
%[M + 2] will be decreased, since the abundance of M 
will be inflated by loss of an H atom from the [M + 1] 
ion or by the loss of two H atoms from the [M + 2] 
ion. The exact masses observed will also be decreased, 
since ions containing a 13C atom and one less H atom 
have slightly less mass than those that do not. For 
(S, S)-(+)-tetrandrine (C38H4206N2), an error in %[M 
+ 2] of -2% was observed, despite a standard evia- 
tion of only 0.3% for 15 determinations. A full scan 
revealed large abundances of [M - H] (67% of M) and 
[M - 2H] ions (11% of M). After correcting for bias, 
corrections in the masses and relative abundances were 
made for proton losses based on ion balance quations. 
In addition, the reduction in area monitored under the 
partial profile for M, [M + 1], and [M + 2] for the ions 
that have lost one or two protons by only six mass-to- 
charge ratios centered about the normal M, [M + 1] or 
[M + 2] profile was considered. These calculations 
were done manually and are not included in the PGM. 
For the correct composition, two of the corrected 
masses and both corrected relative abundances fell 
outside of the maximum error ranges established from 
the four standards. When the maximum errors were 
doubled for all 6 criteria, only the correct composition 
remained after the set of 15 determinations. When 
proton loss is prominent and resolution is insufficient 
to discriminate against ions having lost a proton, con- 
fidence in the identification is reduced. Fragment ions 
can then be identified to confirm the identity of the 
target ion. Although proton loss caused problems only 
in this example, a single determination of [M - 2] and 
[M - 1] relative abundances by using a split SIR de- 
scriptor is a prudent precaution. None of the other four 
standards had %[M - 2] and %[M - 1] values greater 
than 2 and 3%, respectively. 
Resolution, Number of Determinations, and the 
Number of Possible Compositions 
To examine the utility of MPPSIRD for determining 
unique compositions for molecular ions over a broad 
mass range, the PGM was used to provide tables 
similar to Table 2 for the ions studied in refs 1 and 7 
and for 22 compounds containing C, H, O, N, P, or S 
atoms found in the formula index of a chemical catalog 
[15], which may or may not provide abundant molecu- 
lar ions. At least one third of the mass of the ion was 
assumed to be carbon and the upper limits ensured 
that all combinations of the other elements having 
greater than or zero rings and double bonds were 
examined. In Table 3 are listed the number of composi- 
tions that passed all six criteria and in parentheses the 
total number of possible compositions for each com- 
pound. About one half as many compositions were 
possible for triplicate determinations made at 20,000 
resolution (mass criterion +2.5 ppm) than at 10,000 
resolution (mass criterion +5 ppm). Fewer composi- 
tions remained viable as the number of determinations 
increased and the error limits for the criteria de- 
creased. 
In general, the number of compositions possible 
increases with the mass of an ion. Triplicate determina- 
tions at 20,000 resolution with the list of elements 
considered will usually provide a unique composition 
for masses less than 300 u, about half the time for 
masses between 300 and 600 u, and less often at higher 
masses. Table 3 indicates that with 15 determinations, 
unique compositions are probable up to 600 u. 
Two compounds in Table 3 provided surprisingly 
few possible compositions: C36HTsN and C37H700 3. 
The number of compositions possible was calculated 
by using the PGM for masses between 499.5 and 501.5 
u at 0.05 u increments with 20,000 resolution for tripli- 
cate determinations to prepare Figure 5. For even and 
odd numbers of possible compositions, the N/2 and 
(N + 1)/2 composition was chosen, respectively, as 
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Table 3. Compositions, molecular weights, the number of compositions passing all six criteria, and the total number 
of possible compositions containing C, H, O, N, P or S atoms 
Molecular Res = 10,000 
Composition weight N = 3 N = 1 
Res = 20,000 
N=3 N=7 N=15 
C12HloOEN4 306.0600 1 (21) 1 (14) 1 (10) 1 (8) 1 (4) 
C13H130sN3 S 323.0576 2 (22) 2 (12) 2 (9) 1 (6) 1 (5) 
C13HIaOTNP 331.0821 1 (26) 1 (17) 1 (14) 1 (9) 1 (6) 
C17H1304N2 S 341.0596 1 (33) 1 (18) 1 (17) 1 (9) 1 (8) 
C14H1oNsS 2 354.0470 4 (39) 2 (26) 2 (22) 2 (12) 1 (9) 
C12H22012 358.1111 1 (39) 1 (23) 1 (21) 1 (15) 1 (8) 
C15H~909NS 389.0781 4 (56) 1 (33) 1 (30) 1 (17) 1 (12) 
C14HloOsNsS2 422.0105 8 (94) 6 (58) 3 (49) 1 (28) 1 (19) 
C2sH41NS 423.2960 1 (18) 1 (12) 1 (9) 1 (7) 1 (5) 
C2oHlsOsN4 S 440.0791 7 (88) 3 (56) 2 (44) 2 (28) 1 (21) 
C17H130sN3S2 467.0093 9 (145) 7 (90) 3 (74) 3 (46) 1 (28) 
C2oH16011S2 496.0134 8 (185) 9 (112) 5 (94) 2 (57) 1 (36) 
CleHlsOsN4S 2 496.0359 8 (184) 8 (108) 3 (89) 3 (54) 1 (36) 
C31H3202P2 498.1878 3 (103) 3 (61) 1 (52) 1 (28) 1 (19) 
C24H4oO4N s 504.3173 8 (39) 5 (23) 3 (18) 1 (11) 1 (5) 
C36H7s N 521.5900 1 (1) 1 (1) 1 (1) 1 (1) 1 (1) 
C2sH4o01o 536.2621 4 (111) 5 (63) 2 (53) 2 (30) 1 (15) 
C34H4oO2N 4 536.3151 5 (69) 3 (39) 2 (33) 1 (18) 1 (12) 
C36H7o03 550.5325 3 (5) 2 (2) 1 (2) 1 (1) 1 (1) 
C44Hso 618.7043 1 (21) 1 (10) 1 (9) 1 (6) 1 (5) 
C3sH3906N4 622.2791 10 (143) 5 (122) 3 (75) 2 (50) 
C31H2607N6S 626.1584 7 (196) 4 (118) 2 (77) 
C37H3507N 3 633.2475 12 (176) 5 (143) 2 (92) 2 (58) 
C37H3606 N2S 2 668.2015 4 (147) 3 (94) 
C32H290eNsS2 675.1458 3 (179) 3 (119) 
C41H64013 764.4347 10 (181) 3 (107) 2 (71) 
C51H9806 806.7363 2 (156) 2 (107) 
the hypothetical composition. Clearly, the number of 
possible compositions i also highly dependent on the 
mass defect. For one half of the masses for which 
compositions were found, only one composition was 
predicted to pass all criteria. 
Planning and Interpreting Experiments 
For trace compounds present at very low concentra- 
tions, a resolution lower than 20,000 might be needed 
to provide greater sensitivity. The PGM can be used to 
Figure 5. The number of composi- 
tions possible assuming at least one 
third of the ion's mass is due to C 
atoms for masses between 499.60 
and 501.60 u calculated by the PGM 
at 0.05-u intervals for triplicate de- 
terminations at 20,000 resolution. 
The number of remaining composi- 
tions was calculated by the PGM by 
using composition N/2 (even num- 
ber of compositions) or (N + 1)/2 
(odd number of compositions) as 













499.60 500.00 500.40 500.80 501.20 501.60 
Mass (Dallans) 
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estimate the number of determinations ecessary at a 
given resolution to exclude all but the hypothetical 
composition. After data acquisition, the average values 
for the quantities used to distinguish between compo- 
sitions are entered into the model, which then lists the 
possible compositions and applies the criteria. Usually, 
only one composition passes all criteria based on the 
data. When lower resolution is used, more determina- 
tions might be required to provide sufficiently narrow 
error limits to reject all but the correct composition. 
The PGM reveals which data can eliminate other 
compositions. After a single exact mass determination 
for M, a hypothetical composition is chosen and a table 
similar to Table 2 is prepared by the PGM. Additional 
exact mass determinations for M would usually elimi- 
nate only a fraction of the other compositions by pro- 
viding smaller maximum error limits. Instead, the other 
values in the table are examined. If only one criterion 
can reject all but the hypothetical composition, then 
the next data acquisition should provide the value for 
that criterion. Generally, acquisition of partial profiles 
is indicated to provide values to apply four of the 
remaining five criteria. After each data acquisition, 
updated average xact masses and relative abundances 
can be entered into the PGM until a unique composi- 
tion is found based on more accurate values and 
smaller error limits. 
If multiple compositions remain for M, fragment ion 
compositions can be determined by the same pro- 
cedure. The exact masses of neutral oss fragments de- 
termined as the difference between the exact masses 
of M and each F generally correspond to only one com- 
position. In the absence of fragments ions, other 
instruments uch as gas chromatographs with nitro- 
gen-phosphorus detectors or inductively coupled 
plasma-atomic emission spectrometers can be used to 
distinguish among compositions containing or not con- 
taining heteroatoms. 
offsets when the hypothetical composition is incorrect. 
Monitoring six mass-to-charge ratios for the partial 
profile of the calibration ion would also be helpful to 
ensure its maximum was never missed. Using 47 
mass-to-charge ratios and the same dwell time, the 
cycle time would be more than doubled, which is a 
major disadvantage when studying closely eluting 
components. However, three advantages would be 
gained. Smaller relative abundance ranges determined 
only from isotopic abundance rrors and experimental 
errors would result, since mass offsets and peak broad- 
ening would no longer be important if %[M + 1] and 
%[M + 2] were determined from full profiles; error 
estimates by the PGM could be simplified; and loca- 
tion of maxima (third or fourth of six mass-to-charge 
ratios for partial profiles) would not be a concern. 
As demonstrated by Table 2, the largest relative 
abundance ranges were associated with the largest 
mass offsets, which, when > 2.5 ppm at 20,000 resolu- 
tion, already eliminated a composition. For cases in 
Table 3 where multiple compositions passed all crite- 
ria, we conjecture that use of more mass-to-charge 
ratios to provide full profiles would occasionally reject 
additional compositions when the hypothetical compo- 
sition or the other compositions have broadened [M + 
2] profiles. 
Possibly of greater value would be use of smaller 
mass-to-charge ratio increments and proportionally 
more mass-to-charge ratios. Mass increments of 5 ppm 
were used, limited primarily by the 16-bit digital-to- 
analog converter (DAC) that set the accelerating poten- 
tial for each ratio. If smaller mass errors were obtained 
at 20,000 resolution by using a 20-bit DAC, better 
discrimination against incorrect compositions would 
result. We encourage others with newer data systems 
to investigate this possibility. The PGM is available 
from the authors by request, as are the data acquisition 
and processing procedures, which are specific to the 
VG data system. 
Other Data Systems 
Due primarily to the limited number of mass-to-charge 
ratios available in a SIR group, the PGM was written 
to predict and evaluate data based on partial profiles. 
Six mass-to-charge ratios monitored most of the area 
under unbroadened profiles and maintained a narrow 
mass increment to provide more accurate masses. An 
advantage of this approach was the fast cycle time of 
0.8, which better revealed partially coeluting interfer- 
ences [8]. To retain this cycle time and to use the PGM 
without modification, other data systems that allow 
more mass-to-charge ratios in SIR groups could be 
used, providing only the same 22 mass-to-charge ratios 
were monitored. To examine full M, [M + 1], and 
[M + 2] profiles simultaneously, at least 10 mass-to- 
charge ratios would be required for M and perhaps 13 
and 18 mass-to-charge ratios for the [M + 1] and [M + 
2] profiles to allow for peak broadening and mass 
Conclusion 
A profile generation model (PGM) was written to plan 
and interpret experiments for determining elemental 
compositions of ions by using mass peak profiling 
from selected ion recording data (MPPSIRD) at high 
mass resolution ( > 10,000). The PGM listed all possible 
elemental compositions for an ion based on the exact 
mass specified, from which the user selected a hypo- 
thetical composition. Each other composition was re- 
jected if the range of values predicted for the exact 
masses of the [M + 1] and [M + 2] partial profiles, the 
relative abundances of the [M + 1] and [M + 2] partial 
profiles relative to the M partial profile, and the appar- 
ent resolution of the [M + 2] profile were not consis- 
tent with the values predicted for the hypothetical 
composition. A shape parameter was also calculated to 
estimate the degree of difference between the shapes 
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of [M + 2] profiles. Occasionally, the shape of the 
[M + 2] profile is unique for the hypothetical composi- 
t-ion. 
Ranges for the exact masses determined were esti- 
mated from experiments with four standards. Relative 
abundance ranges were calculated based on errors in 
mass calibration, mass resolution, isotopic abundance, 
center mass offsets in the split SIR descriptor for non- 
hypothetical compositions, and maximum error ranges 
observed for four standards with nearly unbroadened 
[M + 2] profiles. Apparent resolution ranges were esti- 
mated from results for a compound providing a broad 
[M + 2] profile. 
For all quantities measured, precision and accuracy 
improved for larger numbers of determinations. For 
exact mass determinations, precision and accuracy also 
improved at higher resolution. Consequently, fewer 
compositions were possible as the resolution and the 
number of determinations increased. The PGM pre- 
dicted whether a chosen resolution and number of 
determinations would eliminate all but the correct 
composition. Considering C, H, O, N, P, and S atoms, 
the PGM predicted that unique compositions can be 
determined for ions weighing up to 600 u. 
The PGM is a valuable theoretical tool for assessing 
mass peak profiles for multiple compositions as a 
function of the mass resolution. It enables routine 
determination of compositions of ions produced from 
numerous compounds in mixtures. Together, the PGM 
and MPPSIRD utilize efficiently and fully the informa- 
tion about elemental compositions available in the 
mass peak profiles of M, [M + 1], and [M + 2] ions 
obtained at high mass resolution and provide a new 
technique for characterizing environmental samples 
and other complex mixtures. 
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